The Japanese quail (Coturnix japonica) are popular both as an alternative protein source and as a model of choice for scientific research in several disciplines. There is limited published information on the histological features of the intestinal tract of Japanese quail. The only comprehensive reference is a book published in 1969. This study aims to fill that niche by providing a reference of general histological features of the Japanese quail, covering all the main sections of the intestinal tract. Both light and scanning electron microscope (SEM) images are presented. Results showed that the Japanese quail intestinal tract is very similar to that of the chicken with the exception of the luminal koilin membrane of the gizzard. Scanning electron microscopic photomicrographs show that in the Japanese quail koilin vertical rods are tightly packed together in a uniform manner making a carpet-like appearance. This differs in chicken where the conformations of vertical rods are arranged in clusters.
Introduction
The Japanese quail (Coturnix japonica) is native to the Indo-China continental region including Japan. Domestication of the species was first documented in the 11th century in China. Japanese quail was originally acquired as songbirds and the consumption of the bird and their eggs arose in the early 19th century (Howes, 1964) . By 1940, a thriving industry was established in Japan where linages were selected for egg and meat production. This industry was almost destroyed during the Second World War which resulted in the loss of almost all song-line birds. However, the industry was revived from remaining survivors in the post-war period (Howes, 1964; Wetherbee, 1961) .
At present Japanese quail farming is expanding on a global scale providing an alternative protein source that is inexpensive, requires simple husbandry practises, and delivers rapidly maturing progeny capable of breeding at 6 weeks of age and producing up to 10 generations per year. These qualities have also made Japanese quail a popular model species for scientific studies (Kocamis et al., 2013; Rundfeldt et al., 2013; Waligora-Duprieta et al., 2009; Young and Jefferies, 2013) . Being of small size they require little space and can be reared in common or non-specialised laboratory equipment such as mouse/rat isolators. They are independent from hatch due to their ability to seek food sources themselves and are quite adaptable to coping in a wide range of husbandry conditions. Newly hatched birds are considered sterile and are ideal models for germ-free, gnotobiotic experiments (Sacksteder, 1960) and epigenetic studies.
Japanese quail are considered a migratory game bird belonging to the order Galliformes, family Phasianidae and are a subspecies of the European or common quail (Coturnix coturnix). A wild Japanese quail weighs between 90 and 100 g, domesticated birds weighs between 150 and 200 g (Raji et al., 2014) , and commercially bred meat birds can weigh up to 350 g.
Females are slightly larger than males and plumage of both sexes is typically a cinnamon brown in colour. Females have dark coloured spots on pale feathers on the breast, while males have even-toned dark breast feathers with the same colouring present on the cheeks.
Although the intestinal histology of Japanese quail has been used as an investigation method in numerous experiments (Berg et al., 2001; Grote et al., 2008; He et al., 2014; Rodler and Sinowatz, 2013; Sinclair et al., 2012; Simova-Curd et al., 2013) , there are very few references pertaining to the general histological features of the healthy Japanese quail intestinal tract. The only comprehensive information can be found in a book by Theodore C. Fitzgerald which contains comprehensively illustrated hand drawn histological images with explanation of features. The book titled The Coturnix quail e Anatomy and Histology was published in 1969 to supplement the rising popularity of the use of Japanese quail within research fields.
We aim to compliment and expand on the information available in the above book by presenting a selection of histological images of palate, tongue, oesophagus, proventriculus, gizzard, duodenum, jejunum, ileum and caecum of the healthy Japanese quail intestinal tract from both light and scanning electron microscopy. This study aims to assist researchers by providing a visual reference for the ultrastructure of the normal quail gastrointestinal tract.
Materials and methods

Animal ethics statement
All samples were from birds used in experiments approved by the Animal Ethics Committee of the Central Queensland University (approval number: A14/03-309).
Animal trial
Fertilised Japanese quail eggs were donated by a commercial supplier, Banyard Game Birds farm, Toowoomba, Queensland. The birds were hatched and grown as previously described (Wilkinson et al., 2016) . Briefly, 22 hatchlings were placed together in a brooding pen until 3 weeks of age and then were rehoused individually in cages in a temperature controlled room (25 C). Birds were exposed to natural lighting conditions and food and water were supplied ad libitum. At hatch, feed supplied was a commercial turkey starter (Barastoc, Ridley, Melbourne, Australia) and at 4 weeks of age, this feed was replaced with a turkey grower (Barastoc, Ridley, Melbourne, Australia) ( Table 1 ). The birds were culled at 8 weeks old at which stage they exceeded expected adult quail weight and performed within the industry standard for quail (Raji et al., 2014) and female birds achieved average weight of 345 g and male 294 g (Wilkinson et al. 2016 ).
Sample collection and microscopy
All birds were euthanized by intravenous injection of pentobarbitone sodium. Samples were collected from the mouth (palate), tongue, oesophagus, proventriculus, gizzard, duodenum, jejunum, ileum and caecum.
All samples were obtained within 1 h of sacrifice and washed in phosphate-buffered saline and stored in 10% buffered neutral formalin until processed at 20 C. For light microscopy, stored tissues were cut to appropriate dimensions, placed in plastic cassettes and processed in an automated processing device overnight (Tissue-Tek V.I.P. Tissue processor).
For light microscopy, sections of 5 mm were prepared on a Leica (RM 2125 RTS) microtome. The sections were stained using Haematoxylin-Eosin. Slides were imaged at the TRI Microscopy core facility (Brisbane) using a Nikon Brightfield, Olympus VS120 slide scanner and analysed using Olympus microscopy software named Olivia.
For SEM micrographs, a scanning electron microscope (JEOL SEM JSM6360LA) using a 5 mm working distance, and accelerating voltage of 5 to 10 kV in secondary electron detection mode, was used to view the samples of interest. All scanning electron microscope (SEM) images were prepared as previously detailed (Skrzypek et al., 2005) . Samples stored in 10% buffered formalin were sectioned in approximately 5 mm squares and dehydrated using increasing concentrations of ethanol 50%, 60%, 70%, 80%, 90% and 100% for 1 min each as per the method described by Chapman and Regan (2011) . Specimens were then mounted on aluminium stubs using carbon glue tabs. Caecal samples were coated with goldepalladium electroplating (60 s, 1.8 mA, 2.4 kV) using a Polaron SEM Coating System sputter coater (Polaron, SC5-15).
Results and discussion
Palate
The lamina epithelia mucosa of the roof of the mouth is composed of a stratified squamous epithelium and has numerous caudally pointing papillae (Fig. 1 ) that can be seen with the naked eye. Microscopic protrusions are also present in places of high abrasion zones along the palatine. The papillae are composed of a keratinized material that has undergone cornification, similar to the nails of mammals (Fig. 2) . The papillae are also present on the tongue and function as an aid to swallowing food. The palatine glands are numerous throughout the palatine and are concentrated both medially and laterally. The longitudinal rows consist of numerous small lobules that crowd the palatine epithelium in some areas where they replace the parenchyma with a lobular capsule (Figs. 3 and 4) .
Tongue
The tongue of the Japanese quail is about 1 cm long and is a triangular shape being widest at the root and tapering to the tip (Fig. 4) . The tongue contains very little muscle and is supported by the entoglossum bone that runs in the ventral midline along the length of the tongue (Fig. 5) . The lingual surface slants into a "v" shape consisting of 2 lateral surfaces that are ventromedial. The entoglossum is surrounded in layers of a firm connective tissue within the entire surface of tongue with cornification prevalent at the apex and the presence of caudally directed papillae evident at the root. Fig. 6 shows the carpet-like ridges of the middle area of the quail tongue with mucous glands incorporated within the epithelium. The dorsal surface of the tongue consists of a keratinized stratified squamous epithelium. The mucosa is comprised of firm connective tissue, collagen fibres embedded with numerous salivary glands called Von Ebner glands (Fig. 7) supported by cartilage and the entoglossum bone. No taste buds were seen and none have been reported on the Japanese quail tongue (Fitzgerald, 1969) .
Oesophagus
The oesophagus is an approximately 7.5 cm long muscularmembranous tube that has the capacity to distend to allow the passage of a large bolus of food. The structure of the oesophagus consists of numerous longitudinal mucosal folds ( Fig. 8 ) which allow abundant flexibility and elasticity. The luminal surface of the lamina is composed of a thick stratified squamous epithelium that is keratinized on the surface layer. The characteristic longitudinal folds are formed by the muscularis mucosa consisting of a continuous sheet of longitudinal fibres (Fig. 9) . The muscularis externa is very thin and is intertwined with embedded elastic connective tissue.
The oesophagus is classified into 3 main sections: cervical, crop and thoracic. The crop is a flexible out-pocket that is present in birds as a means of providing food storage and allows for continuous digestion. The structure of the crop is similar to oesophagus, mucosal folds are not as high and the lamina epithelium is thicker and contains some superficial cornification (Fitzgerald, 1969) .
Proventriculus
The avian stomach includes 2 distinct sections. The proventriculus is the glandular portion of the avian equivalent of the mammalian stomach and is the site where digestion begins. This organ secretes hydrochloric acid, enzymes and mucus in order to begin the process of digestion of food particles. The introduction of the gastric juices rapidly lowers the pH of the ingested food particles and doubles as a defence against pathogenic invasion (Samar et al., 2002) . Fig. 10 shows the carpet-like appearance of luminal epithelium that is saturated with secretory glands. The bulk of the proventriculus is made up of a longitudinal muscular glandular wall with the outer surface of the organ covered with a visceral peritoneum (Fig. 11) .
The star shaped lumen has a diameter only slightly larger than that of the thoracic oesophagus. The luminal surface is comprised of simple columnar epithelium. The muscularis mucosa is quite thin and embedded with lymph nodes, connective tissue and numerous mucous ducts with the epithelial surface forming mucosal folds or papillae that project into the lumen (Fig. 12) . The bulk of this organ is its thick muscular glandular wall. The proventricular glands are in a circular arrangement around the lumen in 2 to 3 layers and are individually separated by a connective tissue. The proventricular gland consists of a central cavity (Figs. 11 and 12) with numerous secretory tubules lined with endocrine and glandular epithelium. Both enzymes and hydrochloric acid are produced in these secretory vesicles while mucus is generated within glands in the muscularis mucosa.
Gizzard
The gizzard is a muscular pouch that runs caudally to the proventriculus and is considered the second part of the avian stomach. This is where the mechanical process of grinding of food particles to a refined composition takes place which allows for superior nutrient extraction. The luminal surface of the gizzard is coated with a hard layer called the koilin membrane or pellicle. The koilin membrane is the secretory product of numerous mucosal glands that are classified as a simple branched tubular type and form clusters of secretions forming a uniform pattern on the gizzard luminal surface (Figs. 13 and 14) .
The luminal glandular epithelium of the mucous membrane is composed of simple columnar cells that continue to become thick tubular glands (Fig. 15) . There is an absence of the muscularis mucosa which results in the lamina propria becoming inseparable from the submucosa. The bulk of the gizzard is composed of a thick smooth muscular circular layer that is intertwined heavily with collagen fibre bundles and connective tissue.
Small intestine
Ground food particles progress from the gizzard into the intestinal tract where further digestion and nutrient extraction occurs. The complete intestine, from the gizzard to the cloaca, is approximately 50 to 52 cm in length (Fitzgerald, 1969) . The small intestine is classified into 3 sections: duodenum, jejunum and ileum (Figs. 16e22) .
The histological structure of the small intestine is composed of a serosa, muscularis externa, submucosa, and a mucosa which forms villi that project into the lumen. The muscularis externa contains 2 muscle coats, the thickest being the inner circular muscular coat with a much thinner outer longitudinal muscle coat. The mucosa consists of numerous glands of Lieberkuhn with the presence of Paneth cells and Peyer's patches intermittingly scattered within the lamina propria (Figs. 17, 19 and 22 ). Mucosa incorporates the villi which are lined with a simple columnar epithelium with goblets cells dispersed throughout the epithelial lining. The lamina propria of villi is quite vascular with a centrally located lacteal.
The duodenum is the site where most chemical digestion takes place. Villi height and crypt depth are at the highest and steadily decrease in length and depth caudally in the jejunum and at the lowest in ileum. The muscularis externa has a thick inner circular muscular coat with the outer longitudinal muscle coat been well defined (Fig. 17) .
The jejunum is the site where a significant level of nutrient absorption first begins (Fig. 18) . The muscularis externa is decreased in thickness compared with the duodenum and the outer longitudinal muscle coat is barely distinguishable in some parts ( Fig. 19) . The density of goblet cells dispersed throughout the epithelial lining of villi is increased in comparison to the duodenum (Fig. 17) .
The ileum (Figs. 20 and 21 ) is the final site of nutrient absorption and shares similar characteristics with jejunum. In comparison to duodenum and jejunum, there is an increase of the villi thickness with a more defined crypt (Fig. 22) . Like the jejunum, the muscularis externa has decreased in thickness in comparison to the duodenum (Fig. 17) with the outer circular and longitudinal muscle well defined (Fig. 19) . 
Caecum
The caecum (Fig. 23) consists of 2 blind pouches that lie caudally to the ileum. This organ is not essential for digestion; instead it is the major site of fermentation. The caecum lamina epithelial mucosal lining contains simple columnar cells with striated borders that are dispersed with goblet cells (Fig. 24) . It is documented that villi length varies throughout the caecum and gradually becomes decreased in length towards the terminal area of the caecum. Lymph nodes can be found throughout the mucosal lining and are dispersed regularly, which was also mentioned by Fitzgerald (1969) , but not described in this study, are gatherings of lymphatic tissue called caecal tonsils. Nowadays, intestinal associated lymphoid tissue is of particular importance in relation to local immunity in industrial poultry farming. Any future research on these lymphoid structures using this bird species as an experimental model, given its biological features, could have important pragmatic significance in this area.
These images have shown that, microscopically, the Japanese quail shares typical characteristics pertaining to birds in general (Fitzgerald, 1969; Hodges, 1974; Susi, 1969) . The domestic chicken and the Japanese quail share an evolutionary lineage and have been classified as belonging to the same family, Phasianidae. This study has found that structurally the Japanese quail's gastrointestinal tract shares typical characteristics when compared to the chicken, but also some differences are evident.
The salivary glands of birds are generally not well developed when compared to mammals, although they are more developed in birds that consume grains and insects than in birds whose diet consists of soft foods such as meat, fruit and nectar (Iwasaki, 2002) . Investigations that examine the morphology of the avian tongue have shown that the diet, food intake and habitat are relevant to the shape of the tongue (Emura et al., 2008; Rodrigues, 2012; Susi, 1969) . The Japanese quail tongue shares many similar features with chicken in that the majority epithelium consists of a hard keratinized layer with a carpet like body equipped with numerous mucosal glands (Susi, 1969) .
Both the palatine and lingual surfaces are equipped with numerous salivary glands that not only moisten and lubricate food, but also protect the epithelial surfaces of the oral cavity, digestive and respiratory tract from pathogenic invasion by inhibiting the proliferation of microbes (Samar et al., 2002) .
A feature that is unique to avian species is that the equivalent of the mammalian stomach is divided up into 2 distinct areas. The first section (proventriculus) is a glandular organ that secretes gastric juices and enzymes to start the digestion process. The gizzard or ventriculus is the second part and is responsible for the grinding of food particles for ease of digestion. This muscular pouch is known to be well developed in birds whose diet consists of rough, fibrous ingredients such as insects or grains while species whose diet consists of softer ingredients such as meat, fruit or nectar have less developed gizzard muscles and koilin membrane (Hodges, 1974) . The gizzard has also been shown to change in size in response to dietary composition. A study by Starck and Rahmaan (2003) showed that the gizzard increases in size when diet contains more fibre. They also concluded that the increase in mechanical grinding needed to refine the higher fibre diet resulted in hypertrophy of the smooth muscle cells of the organ rather than increased cell proliferation (Starck and Rahmaan, 2003) . In broiler chickens poor development of the gizzard can be result of finely ground diet lacking in fibre and secondary dilation of the proventriculus (Riddell, 1976) . The koilin membrane in the line of Japanese quail observed in this study was an olive green colour. This is in contrast to what was reported in The Coturnix quail book by Theodore C. Fitzgerald, who described the koilin as having a yellow hue (Fitzgerald, 1969) which is the colour that is reported by several sources within the domestic chicken gizzard (Akester, 1986; Hodges, 1974) . It is interesting to note that green koilin has been observed in the macaw and was attributed to diet composition (Rodrigues, 2012) . The Japanese quail used in this investigation consumed feed that was comparable with chicken food in texture and composition. It may be possible that the differences in colour may be attributed to differences in the actual production mechanism of koilin rather than diet.
In chicken, the structure of the koilin membrane consists of vertical rod like projections consisting of hard koilin that forms clusters. In Japanese quail, koilin rods are arranged in a uniform manner presenting as a carpet-like appearance as shown in Figs. 13 and 14. In comparison, chicken photomicrographs show that the conformation of the vertical rods clusters are arranged in groups of 12 to 15 with a clear separation zone between groups (Akester, 1986) which is very different to the Japanese quail samples in this study.
The small intestine shares a similar structure to that seen in the chicken (Hodges, 1974) . As seen with chicken, the size and density of villi throughout the length of the intestinal mucosa decreased caudally as did the muscular mucosa and lumen size (Hodges, 1974) . Studies in chicken have shown that absorption of nutrients is associated with villus height to crypt depth ratio.
Several studies have shown that diet can alter the structure of the small intestine. A high fibre diet has been shown to increase not only the villi height/depth ratio, but also increases the length of the small and large intestine (Starck and Rahmaan, 2003) . This was found to involve cell proliferation in the intestinal crypts and mucosal epithelium (Starck and Rahmaan, 2003) . Nutrients have also been shown to affect intestinal structure. A study by Laudadio et al. (2012) involving chickens showed that different levels of protein within feed had an effect on the villus/crypt depth ratio. This study found that the birds performed their best when protein was at medium levels. Chickens fed low or high levels of protein were found to have a decreased villus height/depth ratio (Laudadio et al., 2012) . These characteristics are important for the barrier function of the mucous membrane against various pathogens and are directly related to intestinal health and digestion.
A major factor that affects the intestinal structure is microbial ecology within the intestinal tract. Intestinal bacteria also supplement the digestive capabilities of the intestine by promoting further food digestion, hormone and metabolite production, extracting nutrients, immune system development and providing resistance to pathogenic bacteria (Stanley et al., 2014) . We have shown (Wilkinson et al., 2016) that quail intestinal microbiota is harbouring distinct microbial community, showing profound sex differences significantly different between males and females in both abundance (P ¼ 0.00008) and structure (P ¼ 0.00027), where dominance of Lactobacillus exists in female birds, and male birds present significantly higher richness and diversity than female birds. Although very similar to chicken intestinal microbiota, Japanese quail intestinal microbiota is unique and distinguishable (Wilkinson et al., 2016) despite containing many shared beneficial and pathogenic species. An extreme example is the Clostridium colinum infection, also known as ulcerative enteritis or quail disease, where the agent is a common intestinal resident. The high sensitivity of this species to the pathogen leads to 100% mortality. This demonstrates marked differences in the action of microbial toxins in different bird species (chickens, turkeys) where mortality usually varies between 2% and 10% (Dinev, 2010) .
Although the intestinal tract can function without the intestinal microbiota, its capacity and structural integrity are severely compromised (Thompson and Trexler, 1971) . The effect on the intestinal tract is evident in Germ-free animal models. Malnutrition is prevalent due to an increased content of undigested food matter in faeces despite ingesting adequate food sources (Backhed et al., 2007) . Motility and gastric emptying of the intestinal system is reduced due to underdevelopment. The structure of the epithelium of the intestinal wall of Germ-free animals has been found less cellular and less hydrated with reduced lamina propria and mucosal surface area (Guarner and Malagelada, 2003) .
Conclusions
This study describes in detail the gastrointestinal tract of Japanese quail through use of scanning electron microscopy and light microscopy. Although Japanese quail share typical characteristics pertaining to birds in general, differences were observed including the gizzard koilin membrane. This study provides a valuable source of information on intestinal histology of Japanese quail.
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